A new experiment in the foundations of quantum mechanics is proposed. The existence of correlated photons -first seen by Wheeler -can be taken as a hint to devise a "double-wing" delayed choice experiment in Wheeler's sense. A path choice (polarization choice) measurement made on the one side should then block an interference type measurement made on the other side ("distant choice"). A precondition for the combined measurement to work in theory is that the correlated photons used are of the "prepolarized" (Selleri) rather than the "unpolarized" (Böhm) type. A first EPR experiment involving prepolarized photons was recently performed by Alley and Shih. It may be used as a partial experiment within the proposed experiment.
Introduction
Delayed-choice effects [1 -3] and Einstein-PodolskyRosen [4] correlations are among the most spectacular "holistic" phenomena generated by quantum mechan ics [5] , Can they, perhaps, be combined?
In the following, a specific proposal will be present ed and discussed.
The Experiment
Consider the experiment of Figure 1 . The source is marked by a point. There are two polarization splitters, 4 counters, a recombining beamsplitter and a z/2 waveplate involved. The experiment is best under stood by first looking at the two prototypes contained.
The first subexperiment is obtained by removing the portion enclosed by the two dashed lines on the right of Figure 1 . The two right-hand counters are then to be fed directly by the polarization splitter on the right in symmetry to what happens on the left. What remains is a typical EPR experiment with pho tons (cf. [6] ). Such an experiment was, with photons emitted by an atomic Calcium cascade, first convin cingly performed by Kocher and Commins [7] and later developed to perfection by Aspect et al. [8] . The predictive accuracy achieved for parallel orientations of the two polarization cubes was 94 per cent [8] . A remaining difference to Aspect's version of the ex periment will be discussed in detail in Section 3.
* First reception at March 4, 1987 . Reprint requests to O. E. Rössler, Institute for Physical and Theoretical Chemistry, University of Tübingen, Auf der Morgenstelle 8, 7400 Tübingen. West Germany.
The second subexperiment hidden in Fig. 1 is ob tained by removing the part to the left of the source (so that a source emitting correlated photons is no longer needed). What remains is an interferometer of the Mach-Zehnder type. It is unusual only insofar as the first beamsplitter (unlike the recombining one) is not a half-silvered mirror but a polarization splitter. In consequence it is necessary (in order to re-establish interference since perpendicularly polarized light does not interfere) to include a A/2 waveplate in one path to reobtain equally polarized light in both paths.
However, this single measure is not enough. It is also necessary now to use previously polarized light (for example, + 45 degrees relative to the polarization splitter) for an input, as is symbolically indicated in the Figure. The reason is that light of the opposite (-45 degrees) polarization generates the opposite interference pattern. Hence unpolarized light, which contains both components in effect, suffers no net interference [9, 10] . Despite these differences, however, the present "modified" Mach-Zehnder interferometer is as appro priate for use as a delayed-choise device as an ordi nary Mach-Zehnder is. In other words, under single- 0932-0784 / 88 / 0100 -1 1 0 $ 01.30/0. -Please order a reprint rather than making your own copy. photon conditions [10] , the second (recombining) beamsplitter may be "reinserted" (or not) "at the last moment" [3] . The output (interference or not) then still instantaneously follows the change made in the preparation of the experiment [3, 3 a] . See [11, 12] for two recent experimental demonstrations.
Finally, there is the full (combined) experiment of Fig. 1 . The combination is expected to display a new phenomenon, "delayed choice at a distance". More specifically, there should be two modes of functioning once more, dependent on preparation. The first ap plies when the measuring device on the left either is not made use of or is rotated by 45 degrees so that no correlations to the path chosen on the right are picked up. Under this condition, the photon on the right is expected to (self-) interfere as usual.
The second, more interesting mode of functioning refers to the case in which the path (polarization) chosen by the left-hand partner is known. If in this case a similar measurement is made on the right, the same result will be found. This knowledge can be put to use, for example, when a delay cable is inserted on the right. Then one (the empty) path can be blocked on the right without a single photon being missed. In this case, there will of course no longer be any inter ference. Similarly, if the predictive accuracy is not in finite but finite only, still the degree of interference cannot remain the same as before on the right (since otherwise "too much" would be known about the photon on the right [1, 13] ). Quantitatively, Wootters and Zurek's [13] formula predicts that, for example, for an accuracy of path prediction of 94 per cent, a reduction in the degree of modulation (difference be tween the two channels divided by their mean) by 53 per cent should occur.
A Drawback and Its Partial Solution
As already briefly mentioned, Aspect's [8] experi ment cannot be inserted directly as a building block into the experiment of Figure 1 . The reason is simple. This experiment, like almost all EPR experiments with photons performed so far, employs correlated photons that are "unpolarized". More specifically, these photons are in the analogue of a singlet state in accordance with Bohm's [14] original proposal for a first feasible EPR experiment. That is, these photons are not in a state of definite polarization, but rather only in a superposition of such states. This fact is important for the understanding of their correlated behavior [15] . In the present experiment, however, we saw that "pre-polarized" (or at least predominantly polarized) light is required to enter the polarization splitter on the right if an interference pattern is to develop there as essential. Therefore, only correlated photons that are polarized from the beginning (or at least have a marked preference as to polarization) can be used in principle. (See, however, [29] .) This obviously is a major drawback. The only theo retical frame within which EPR correlations are canonically expected is the Böhm paradigm [14] . Un expectedly, there exists a recent experiment, not formally based on the Böhm paradigm, in which EPR correlations were found in coexistence with a non-flat distribution as a function of angle. This is exactly the combination which is needed in the present context. Specifically, the photon pairs studied by Alley and Shih [16] exhibited a maximal coincidence rate at a matching relative orientation (which was 90 degrees), irrespective of absolute orientation, only when the number of coincident counts (Nc) was first divided by the absolute number of counts in one channel (NJ. That is, there was an EPR correlation present. How ever, it was valid under a condition of marked depen dence of on the angle of measurement chosen. The quantitative dependence of on angle (0J was unfortunately not given in the paper. Nevertheless there is indirect evidence that the dependence is in deed "marked". For example, at one particular angle = 30 degrees), no significant value of AIJNl was obtainable. This seems to be where the minimum lies. Similarly, the inference that there was a single maxi mum is in accordance with the data.
The Alley-Shih experiment appears to possess just the right properties needed for the EPR subexperiment in Figure 1 . On the one hand, the non-flatness of Ar1 (0X ) guarantees that a certain degree of interference develops on the right. On the other, the correlation is still maximal, relatively speaking (namely, at NJN1 = 3.2 per cent), even at angles deviating + 45 or -45 degrees from the angle of maximum absolute yield [16] . Therefore, path prediction is still optimal at these two deviating angles. Taken in combination, these two features suffice to guarantee that the experiment of Fig. 1 may work "in principle".
There are two remaining problems. 1) Since the particular shape of Nt present is not known, there is the possibility in principle that the predictive accuracy is distributed among the two subpopulations, the larger and the smaller one, in just the right fashion that the net effect on the overall interference is zero. This possibility (that the rarer photons have a much higher predictive accuracy) is, however, apparently not supported by the data. 2) The predictive accuracy of path choice, among the coincident events, achiev able so far appears to lie markedly below the 94 per cent of the Aspect experiment.
Discussion of the AHey-Shih Experiment
The Alley-Shih [16] experiment, described phenomenologically above, belongs to a "new type" of EPR experiments. For the first time, photon generated by parametric down conversion [17] were used in an EPR experiment. Here, a laser beam gives rise to two simul taneously generated new photons of the sum energy and sum momentum of the originating photons, in a nonlinear crystal. The two photons, which may be equal in frequency (so in the experiment of Alley and Shih), come with a fixed (equal) direction of polariza tion [16] .
However, the results referred to above were not obtained on these two photons, directly. Rather, the authors first recombined the two photons in a beam splitter, after one had been rotated in its direction of polarization by 90 degrees with the aid of a A/2 wave plate. (In an alternative experiment, first two circular ly polarized photons -apparently of opposing orien tations -were generated using a A/4 waveplate in each branch, with qualitatively similar results [16] .)
Recently, a similar proposal was made theoretically ( [18] , Figure6). Two-mode interference was shown to generate a rotation-symmetric state of correlated pho tons, with the consequence of a violation of Belfs in equality being possible just as described by Alley and Shih [16] .
However, what distinguishes the latter experiment is precisely its non-ideal nature. The rotation-sym metry was obviously perturbed. The most straightfor ward possibility is that a remnant non rotation-sym metric component is superimposed on a rotationsymmetric one. However, in this case the trick used by Alley and Shih (dividing Nc by Nt) would be counter productive. Therefore the question arises of whether or not a new quantum effect may be involved in the experiment.
At first sight there is support from a theoretical proposal to employ photons, generated in a paramet ric amplifier, directly in an EPR experiment [19, 20] . However, this simple proposal disregarded the fact that the Hamiltonian of such systems is non rotationsymmetric in general. This prompted the more recent two-mode proposal [18] already mentioned. Further more there also is experimental evidence against the proposal. In an experiment performed under nonsparse flux conditions, rotation of the polarization of the analyzed signals by 45 degrees substantially re duced the number correlation (squeezing of the differ ence in intensity fluctuations) [21] . The reduction ap peared complete compared to an experiment of a different type used for a control. The question of whether or not a rest effect (masked by noise) may have survived was not addressed. It is, however, pre cisely the existence of such a rest effect which is raised as a possibility by the Alley-Shih experiment.
Hong et al. [22] recently independently reproduced part of the Alley-Shih experiment. (The A/2 waveplate and the analyzers were absent.) The two photons were found to behave identically in the beamsplitter (fourthorder interference), only when their travelling times were equal to less than 0.1 picosecond. This suggests that Alley and Shih's photons were not perfectly cor related number-wise.
There indeed exists a well-known uncertainty prin ciple between number correlation and phase correla tion [23] . This principle would be the ultimate reason why rotation symmetry has to be strived for to obtain EPR correlations (as done in references [16, 18] ). No room seems to be left for "residual effects" like those needed in the present context. For the same reason there is little likelihood that, by formally extending Bell's [15] analysis to the more complicated case of two photons whose distribution is not independent of the direction of the analyzer (think of a Wigner cycle [24] -consisting of two equal polarization cubes fac ing back-to-back -added in front on either side, with one arm of the cycle leaking part of the polarized photons contained so that what comes out no longer has a circular distribution), it will be possible to un cover the desired effect.
Therefore, it is apparently necessary to look else where for theoretical support. Selleri [25] showed that, following a measurement (or preparation) made in a Böhm [14] type experiment, the two particles, while no longer being in a singlet state (and hence no longer capable of perfect correlation when subjected to a new equal direction of measurement), nevertheless also are not in a general wncorrelated (neither singlet nor trip let) 2-particle state, but rather are in a "superposition" of a singlet and a triplet state [25] . Such a state has yet to be characterized in its quantitative implications. Its existence would certainly be compatible with Alley and Shih's unexpected success in finding a violation of Bell's inequality under highly non-ideal conditions.
Discussion
A new quantum experiment ("distant choice") was proposed. In it, the nonlocal features of an EPR exper iment are combined with the high sensitivity (towards changes made in its preparation) of a delayed-choice experiment. Is basic theory compatible with this pro posal?
At first sight there is a theorem which is not. Eber hard [26] and Ghirardi and Weber [27] showed that EPR correlations are necessarily confined to individu al events and can never affect the distribution of events in which these individual events are embedded. Taken at face value, this theorem seems to say that while Bell's locality [15] can be violated, a more general postulate (call it closedness) cannot. Any unilaterally detectable EPR effect, violating closedness, appears to be ruled out. A positive outcome of the above experi ment would be at variance with this generalized ver sion of Eberhard's theorem.
However, the literal version of the theorem would be obeyed. The population of events is indeed always the same, on the right-hand side, whenever counters are placed directly behind the polarization splitter on the right. The point, however, is that the correlated events are not even registered on the right. Something completely different is measured there, an interference between two equiprobable events (choice of the upper and the lower half path). These events remain equi probable when a measurement is made on the left. Their "distribution" is the same. However, they be come known individually in principle. It is this indi vidual knowledge, not available locally, which never theless -as future knowledge -already destroys the presently possible interference result.
A distant measurement may be used to prepare the state of a different experiment. This new use to which a delayed-choice experiment may be put appears to be new also from the point of view of theory.
The preceding discussion was predicated on the as sumption that the experiment may work in principle.
Let us make the opposite assumption. If the experi ment does not work, which ingredient is the most likely one to fail?
The most uncertain element in the chain no doubt is the Selleri correlation. It is new and untested. (The Alley-Shih [16] experiment only provides circumstan tial evidence so far, see Section 4.) Is there independent evidence in its support?
Selleri's [25] implicit suggestion that a sum-spin 1/2 state may exist for two spin-1/2 particles indeed fol lows also from a novel and still unfinished approach to quantum mechanics proposed recently [28] , A clas sical universe may be set up in a computer (in a molecular-dynamics simulation) such that a macro scopic observer arises internally as an "explicit" farfrom-equilibrium structure in the given chaotic Hamiltonian function. The observer may be equipped with an equally explicit, far-from-equilibrium measur ing device, as well as an object particle. A measure ment situation thereby becomes analyzable for the first time in an explicit (if classical) model. Un expectedly, an action-type perturbation appears to limit the accuracy of measurement achievable by the internal observer [28] , Moreover, objectively corre lated objects become subject to correlated perturba tions. Hereby an analogue to the EPR effect applies. (No violation of Bell's impossibility theorem [15] is implied since the quantum effects exist only for the observer.) Furthermore -and this is why the approach is mentioned here the first measurement made on one of the two particles perturbs neither this particle alone nor both, but rather the originating single parti cle right before it disintegrated (since the two are but a means to measure the latter's state). Thus, Selleri's surprising state of partial correlation is something to be expected, in the model world.
To conclude, the spectrum of nonlocal implications of quantum mechanics may go beyond the two tradi tional paradigms of EPR correlations on the one hand and delayed-choice effects on the other. Even simply combining the two already leads to new questions.
